ABSTRACT Many organisms are protected from freezing by the presence of extracellular antifreeze proteins (AFPs), which bind to ice, modify its morphology, and prevent its further growth. These proteins have a wide range of applications including cryopreservation, frost protection, and as models in biomineralization research. However, understanding their mechanism of action remains an outstanding challenge. While the prevailing adsorption-inhibition hypothesis argues that AFPs must bind irreversibly to ice to arrest its growth, other theories suggest that there is exchange between the bound surface proteins and the free proteins in solution. By conjugating green fluorescence protein (GFP) to a fish AFP (Type III), we observed the binding of the AFP to ice. This was accomplished by monitoring the presence of GFP-AFP on the surface of ice crystals several microns in diameter using fluorescence microscopy. The lack of recovery of fluorescence after photobleaching of the GFP component of the surface-bound GFP-AFP shows that there is no equilibrium surface-solution exchange of GFP-AFP and thus supports the adsorption-inhibition mechanism for this type of AFP. Moreover, our study establishes the utility of fluorescently labeled AFPs as a research tool for investigating the mechanisms underlying the activity of this diverse group of proteins.
INTRODUCTION
Antifreeze proteins (AFPs) protect animals from freezing by binding to extracellular ice and inhibiting its growth (1-3). They were first found some 35 years ago in certain fish that can survive in seawater that is colder than the typical freezing temperature of fish blood (4) . Since then, AFPs have also been found in arthropods (5, 6) , plants (7, 8) , bacteria (9, 10) , and fungi (11) . AFPs are interesting because of the fundamental challenges associated with understanding their antifreeze activity, and also provide promising approaches to the protection of other fish, crops, and tissues (12) (13) (14) (15) (16) (17) .
AFPs are usually grouped according to their structures. There are five known types of fish AFPs (18) ; for example, Type I AFPs have a 3-4 kDa a-helix structure (19) , whereas Type III AFPs are 6.5 kDa b-clip globular proteins. AFPs from other organisms have other structures, such as the b-helical spruce budworm AFP (20) . These different structures have affinities to different ice planes, and hence give rise to different ice crystal shapes. The activity of an AFP is usually characterized by measuring its thermal hysteresis, i.e., the extent to which the nonequilibrium freezing point of ice is reduced below the melting point. The thermal hysteresis of AFPs varies as a function of concentration, and the specific activity of different AFP types ranges over two orders of magnitude from hyperactive to moderate to weak (21) .
The generally accepted ''adsorption-inhibition'' (1, (22) (23) (24) mechanism for AFP activity proposes that the specific binding of these proteins to an ice surface results in the inhibition of ice growth because of the Kelvin effect (22) . The binding of the protein to the surface is principally due to the entropic effects of docking the relatively hydrophobic flat protein surface to ice, and to the formation of a few hydrogen bonds (1, (25) (26) (27) (28) . The ice surface is pinned by the adsorbed AFPs and the accumulation of bound proteins is limited by the curvature of their microsurfaces (23, 29) . As a result, the nonequilibrium freezing point is lowered below the melting point, and within this thermal hysteresis gap, the ice crystals appear by light microscopy to be stable, neither growing nor melting (30) . Such ice crystals usually have a characteristic faceted morphology that results from the inhibition of the growth of the crystal surfaces to which the AFP binds. This has been most convincingly demonstrated for the Type I AFP from winter flounder, for which both the binding plane and the direction of binding have been determined using a technique called ice etching (31) . The binding plane defines a hexagonal bipyramidal crystal with a predicted c/a axial ratio of 3.3:1, a result that is consistently obtained for this AFP (32) . Other fish AFPs, such as the Type III AFP from ocean pout, produce hexagonal bipyramidal crystals with a more variable morphology. The crystal axial ratio in the presence of Type III AFP is affected both by dilution and by mutation of surface residues, possibly because this type of AFP can bind to more than one ice plane (32, 33) .
It has been argued that AFPs have to bind irreversibly to prevent ice growth, because in the presence of a 10 4 -10 7 -fold molar excess of water even transient desorption of AFPs would allow water molecules to join the ice lattice at the newly exposed sites. Thus, without irreversible binding the crystal would keep growing, albeit at a decreased rate (34) . This conclusion has been criticized (35, 36) on the grounds that the dependence of the thermal hysteresis on concentration suggests there is some form of equilibrium exchange of bound and unbound proteins (37, 38) . The calculated free energy of bound proteins is only a few kT lower than that of unbound proteins (39) . The suggestion that the water/ice boundary is not sharp, i.e., that there is a quasi-liquid at the water/ice interface, has raised doubts about the idea that the AFP molecules are tightly bound to the surface (40, 41 ). An alternative mechanism for the complete inhibition of crystal growth by AFP molecules is that their presence modifies the interfacial energy, a process that does not require irreversible attachment (35, 41) . Experimental adsorption kinetics evidence is sparse and does not exist at all for most AFPs. For Type I AFPs, it has been claimed that fast exchange of proteins occurs (42) . Thus, we consider the irreversibility of AFP binding to ice to be an open question that requires further investigation and experimental validation.
It has been proposed (24, 29) that, within the framework of adsorption-inhibition theory, the concentration dependence of thermal hysteresis activity might be explained by the interplay between the engulfment of the bound proteins by the ice, which would result in local ice growth, and the rate of patching of such a breach by molecules from the solution, which is a function of AFP concentration. How often this happens is not clear, but it should result in nonzero interface growth. It has previously been found by optical observation of ice crystals in AFP solutions that no growth or melt is visible for periods as long as a few days (22) . If the accuracy of these observations is approximately a micron, the limit on surface growth is ;100 nm/day. Here we demonstrate that the accuracy of this experimental limit can be improved significantly.
The adsorption-inhibition theory predicts that the surface concentration of AFPs should not be a function of AFP concentration, but only of the number of available binding sites, as the off-rate should be close to zero. On the other hand, partial coverage of the surface is thought to be sufficient to inhibit its growth. Thus, accumulation of AFPs on the surface is expected to continue after the formation of the crystal. Experimental evidence for such accumulation has been obtained for antifreeze glycoproteins using ellipsometry (43) .
To study the adsorption of AFPs onto ice, and in particular to determine the extent of exchange of bound proteins with free proteins, we produced a recombinant fusion protein consisting of green fluorescence protein (GFP) (44) linked to the N-terminus of Type III AFP derived from ocean pout (Fig. 1) . The activity of the AFP is not diminished by this modification, because the N-terminus is remote from the AFP's ice-binding site (45) , and so the GFP domain is positioned in an orientation that does not interfere with ice binding. In fact, the activity of such fusion proteins is slightly enhanced by their increased size (46) . The use of this recombinant protein enables us to make direct observations of AFPs bound to ice. Direct observation of protein adsorbed onto crystals using fluorescence microscopy has provided a useful tool for studying other systems, such as the adherence of macromolecules to calcium tartrate crystals (47) , and of antibody molecules to a semiconductor material (48) . Furthermore, by photobleaching the adsorbed GFP-AFPs, which annuls the fluorescence signal from the bound proteins (49) , and monitoring the recovery of the fluorescence signal, we were able to investigate the extent to which unbound GFP-AFP proteins adsorb onto a stable ice surface that is already covered by AFPs. Such adsorption would indicate the exchange of bound proteins with free proteins in the solution, or the engulfment of the adsorbed proteins by the ice, followed by adsorption of free proteins onto newly created binding sites.
MATERIALS AND METHODS

Construction of the Type III GFP-AFP His-tagged fusion gene
The Type III AFP gene used for the fusion protein construct was a synthetic version of the ocean pout QAE-binding isoform (M1.1) in plasmid pT7-7F (46) . The coding region was amplified by PCR using primers with a 59-NdeI site and a 39-XhoI site and no stop codon. The PCR product was cloned into the expression vector pET20b1 between its NdeI/XhoI sites in frame with the His tag sequence. Clones were screened by NdeI/XhoI digestion and sequencing. Vector containing the AFP insert was digested with NdeI, dephosphorylated with alkaline phosphatase and ligated with the GFP gene. The GFP gene segment was PCR amplified from pEGFP (Clontech, #6077-1, Mountain View, CA) using 59 and 39 primers each containing an NdeI restriction site. Additionally, the 39 primer was designed to encode the linker sequence GlyAlaGly to separate the GFP from the Type III AFP. The GFP PCR product was gel-purified and digested with NdeI before ligation into the Type III AFP pET20b His backbone. Resulting clones were screened for correct orientation by PCR using the T7 promoter and 39 GFP primers, which produced an 800-basepair product only if the GFP insert was in the correct orientation. Clones that appeared to contain a correctly oriented insert were sequenced to confirm the presence of a gene encoding a fulllength fusion product in the correct reading frame.
Expression and purification of the GFP-AFP protein
The GFP-AFP construct was expressed in Escherichia coli BL21(DE3) on a 1 L scale as previously described (46) . The His-tagged fusion protein was purified from the cell lysate supernatant by Ni 21 -agarose affinity chromatography (7 mL, Qiagen, Valencia, CA) followed by ice affinity purification, which removes most solutes, including salts, contaminating proteins, GFP that is not attached to functional AFP, and misfolded AFP domains (50, 51) . The resulting ice fraction was concentrated using an Amicon ultracentrifugal filter device (Millipore, Billerica, MA) with a final yield of ;6 mg in 1 mL.
Experimental equipment
A thin cell consisting of two coverslips, 10 mm apart, sealed either with parafilm or with silicone elastomer (Sylgard 184, Dow Corning, Midland, MI) was used to hold the AFP and control solutions. This cell was placed in thermal contact with a custom-built temperature-controlled stage (Fig. 2) . The stage includes a thermistor in conjunction with two thermoelectric cooling elements that are driven by a commercial temperature controller (Newport model 3150, Irvine, CA). Cold-water circulation was used as the heat sink for the thermoelectric cooling elements. Dry air was blown over the apparatus to keep it free of moisture. This arrangement permitted the cell temperature to be varied in the range from room temperature to À40°C with a precision of 60.01°C. The time required for a 0.01°C change was 0.1 s. The samples were imaged using fluorescence microscopy. We used a confocal microscope (Zeiss LSM 510, Thornwood, NY), in the Ohio University confocal microscopy facility, equipped with a long working distance objective (Nikon Air 503 NA 0.55 ELWD 8.7 mm, Belmont, CA), and 488 nm and 633 nm laser illumination lines. The long-working-distance air objective enabled simple temperature control of the samples but did not enable acquisition of thin slices for three-dimensional imaging. Imaging 0.1 mm fluorescent beads (TetraSpeck microspheres, #T7279, Invitrogen, Carlsbad, CA) with the confocal microscope revealed that the point spread function (PSF) is approximately a three-dimensional Gaussian function (52) with an axial full-width at half-maximum of 4 6 0.7 mm (n ¼ 10) and a lateral fullwidth at half-maximum of 0.7 6 0.08 mm (n ¼ 10), in agreement with the expected PSF shape and size for this numerical aperture (53) . However, with the use of this configuration we were able to significantly reduce the background compared to that present for wide-field fluorescence microscopy. The fluorescence signal was detected through a trichroic beam splitter (488/543/633 nm), a secondary dichroic beam splitter (545 nm), and two emission filters, a GFP filter (505-530 nm band pass) and a Cyanine-5 (Cy5) filter (650 nm high pass). We confirmed that there is negligible cross-talk of the GFP signal into the Cy5 filter and vice versa.
Signal analysis: evaluation of the signal from molecules bound to the ice surface We used two approaches to measure the signal that originated from the surface. The first method used the signal from a free dye as a reference, whereas the second method used a bleached crystal as a reference point.
In the first method, the liquid contribution to the GFP-AFP signal was eliminated by subtracting it from the total signal. The liquid contribution was assumed to be proportional to the fluorescence intensity from Cy5, which is not conjugated to the AFP, in the GFP fluorescence image. This correction was carried out using the formula
where C 1 is a constant set to null the background intensity in an area in which no crystal is present and is on the order of unity; I GFP and I Cy5 are the intensities of the fluorescence produced with 488 nm and 633 nm illumination lines through the GFP filter and the Cy5 filter, respectively, measured in instrumental counts; and B GFP and B Cy5 are the background levels, which were determined from measurements using the two filters for a sample that contained only buffer. We averaged the calculated intensity, I subtraction1 , over the peripheral ice region to obtain the contribution of GFP-AFPs bound to the ice crystal, I subtraction1 . Notice that in this equation the original count of the GFP is not multiplied by any factor, and hence can be directly compared with the solution fluorescence intensity.
The second procedure employed to evaluate the surface intensity was to use a bleached crystal as a reference. In this method, the fluorescence signal from a crystal is bleached to 1% of its original value. The percentage of liquid in the detection volume at the peripheral ice region is then determined using
Then, using the C 2 value obtained from Eq. 2, we determined the surface intensity of the same crystal at other times with
The two methods gave comparable results, and were used according to whether a bleached crystal or Cy5 images were available in a particular experiment.
The fluorescence recovery after photobleaching (FRAP) experiments
Ice crystals in GFP-AFP solution were imaged within the thermal hysteresis temperature range. A whole ice crystal or part of it was exposed to 488 nm illumination for several minutes until its fluorescence was reduced to low levels. The crystal was then reimaged at time intervals of 1 h. Finally, the crystal was slightly melted back by briefly raising the temperature of the cell, then regrown to approximately its original size and shape by cooling the cell, and after that imaged again. The images were processed as described above to FIGURE 2 Experimental cell. A schematic drawing of the temperaturecontrolled cell. Details in text.
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subtract the fluorescence from the free protein in solution, and the intensity from the bipyramidal part of the crystal was plotted as a function of time.
RESULTS
Visualization of ice growth in the GFP-AFP solution
A solution in a thin cell containing GFP-AFP (0.3-3 mg/mL) in buffer (pH 8.0, 10 mM Tris-HCl, 1 mM EDTA, and 5 mM ammonium bicarbonate) and 1 mM Cyanine 5-dUTP (PerkinElmer, Shelton, CT) was cooled to low temperature. The solutions spontaneously nucleated between À15°C and À35°C and then rapidly froze. This ice was melted back and regrown by manipulating the temperature until it consisted of separate, single-crystal grains a few microns in diameter. During very slow cooling within the thermal hysteresis gap, these crystals grow into bipyramidal shapes (Fig. 3) , after which visible growth stops and the crystals become stable. Thus the crystals were produced in two stages, which we refer to as initial ice (core) and new ice (see Fig. 3 B1) . Introducing crystals into a solution by enforced freezing followed by controlled melting has been used in a standard procedure for measuring antifreeze activity over the last 35 years (i.e., thermal hysteresis measurements using a nanoliter osmometer (54)) and is a useful tool for generating a limited number of ice crystals in solution in a tiny space, such as in the present experimental cell.
In Fig. 3 B1 it can be seen that the core is bright and has fine features within it. This initial ice originates from ice growth at temperatures below the equilibrium freezing temperature. At these temperatures, small ice crystals grow in the C-direction (parallel to the c-axis) and emerge from each other producing finely textured ice comprised of small crystals that are all oriented in the same way. These crystals are covered by GFP-AFPs, and fluoresce brightly. After being melted to a small grain, these bright crystals form the core of a bipyramid.
Relative to the core, the new ice has lower fluorescence. We find that the core is 3 6 1 (n ¼ 90) times brighter than the fluorescence of the peripheral new ice. The bipyramidal shape emerges from controlled growth that is arrested by attachment of the AFP to the pyramidal surfaces. Analysis of the image indicates that the AFPs associated with the new ice are bound to its surface only, and are not engulfed as the crystal grows, because the fluorescence signal is not increased in the areas closer to the center where the thickness of the crystal is greater.
The GFP-AFP conjugated molecules are present in solution and on the ice surfaces. The illuminated volume contains ice, solution, and the ice/solution interface. To separate the contributions to the fluorescence of the free molecules in solution and the ice-bound molecules, ice crystals were grown in a solution containing the GFP-AFP conjugate as well as a second dye that is not conjugated to AFP, Cy5-dUTP. In this approach, the background is reduced by subtracting the image of the nonconjugated dye from the GFP-AFP image. As can be seen in Fig. 3 B3, the nonconjugated dye does not adhere to the ice surface and is not incorporated into the bulk ice. A crystal that has a very bright fluorescence originating from GFP exhibits no Cy5 fluorescence. The green-scale image in Fig. 3 B4 displays the outcome of the subtraction of the image captured through the Cy5 filter from the image captured through the GFP filter. This result shows only GFP-AFP on and within the ice crystal, and the distribution of fluorescence clearly shows that GFP-AFP adheres to the ice. The fact that a bright core appears only for GFP-AFP molecules and not for Cy5 molecules excludes the possibility that the fluorescence in the core results from trapped solution, and confirms that it results from protein attachment to the ice surfaces via AFP-specific affinity at the initial ice formation stage.
Control experiment: unconjugated GFP does not associate with or become included in ice
To verify that GFP does not adhere to ice, as it does with some crystals (55) , and to verify the subtraction method, a solution containing untagged AFP, unconjugated GFP, and a second free dye, dUTP-Cy5, was frozen as described above. The images produced by the Cy5 and GFP filters are similar, with a uniform, bright background surrounding a dark crystal (Fig. 4, A and B) . The gradual variation in the fluorescence intensity from the level in the solution to the absence of fluorescence in the middle of the crystal is consistent with the fraction of the detection volume occupied by ice. The subtraction of the Cy5 fluorescence from that of GFP confirmed that there was virtually no difference between the distributions of these two molecules (Fig. 4, C and D) . Thus this experiment shows that GFP neither adheres to the ice surface nor becomes incorporated into the bulk, and establishes that the signal observed from the ice surfaces with conjugated GFP-AFP results from the activity of the AFP moiety.
Estimation of the surface density of the bound GFP-AFPs
To test our assumption that the measured signal derives from a single layer of bound proteins, and to measure their surface density, we modeled the signal as a convolution of the point spread function (PSF) with the shape that resembles the crystal surface. By comparing the ratio of the experimental signal from the AFP-GFP solution to the experimental signal due to the bound molecules on the surface with the ratio of the modeled signals, we could determine the surface density of the AFP on the ice surface. As will be shown below, our results are consistent with the presence of a single layer of bound proteins on the ice surface. The details of the model are described below.
The effective detection PSF is assumed to be a Gaussian function (52) of the form PSFðx; y; zÞ ¼ exp À
where w l and w a are the lateral and axial widths, which are equal to lateral/axial ð1=ð2 3 ffiffiffiffiffiffiffi ln 2 p ÞÞ FWHM. Thus the signal from a uniform concentration of fluorescent molecules in the solution within the detection volume is
where C is the concentration of GFP-AFP in the solution and I GFP is the signal from a single GFP molecule at the center of the illumination. The signal from the surface is the lateral convolution of the PSF with the crystal surface,
where s is the surface density of the bound GFP-AFP, which is assumed to be constant over the surface of the crystal, Sðx9; y9; z9Þ is a function that equals one at the surface of a bipyramidal polyhedral and zero elsewhere, Conv is the value of the integral in D 2 units, and D is the grid spacing over which the calculation is performed. Dividing Eq. 6 by Eq. 5 and averaging over the peripheral ice area yields the surface density
To evaluate AEConvae and test our interpretation of the experimental data, we modeled the bipyramidal polyhedron and the Gaussian PSF with subroutines written by our group in the IDL software platform (RSI, Boulder, CO). Within a FIGURE 4 Unconjugated GFP does not accumulate within or on the surface of ice crystals. An ice crystal was grown in a solution containing AFP, unconjugated GFP, and Cyanine 5-dUTP. The ice crystal was illuminated with 488 nm and 633 nm lasers and imaged through a GFP filter (A) and through a Cy5 filter (B). For both filters the crystal appears dark. Panel C shows the outcome of the subtraction of the I Cy5 image from the I GFP image. The intensity of fluorescence along the blue line in the subtracted image is displayed in the graph (D). The lower parts of panels (A-C) show the molecules that are present as described in the caption for Fig. 3 . matrix (300 3 300 3 300) that represents an (18.75 mm) 3 volume with a grid spacing of D ¼ 62.5 nm, we constructed a 10-mm long bipyramidal shape. We assigned a value of one to voxels on its surface, and zero at all other locations. This matrix thus represents the surface of the crystal. In a second matrix of the same dimensions, we assigned a value of one to all points outside the bipyramidal shape and zero to all points within the shape and on its surface. This second matrix thus represents the solution outside the crystal. In addition, we constructed a matrix with a three-dimensional Gaussian function according to the given PSF formula using widths determined in the experiments. The crystal shape and the Gaussian PSF are illustrated in Fig. 3 C1. Next we laterally convolved the PSF matrix with each of the crystal matrices. A weighted sum of the convolutions of the two matrices is shown in Fig. 3 C2. This sum represents the signal from the GFP at the surface and in solution, but without the contribution from the core. Fig. 3 C2 is colored green to emphasize the similarity between these results and the GFP images (Fig. 3 B2) . The convolution with the solution matrix is shown in Fig. 3 C3. This convolution, which represents the contribution from the solution only, is colored red to emphasize its similarity to the results for the Cy5 contribution (Fig. 3 B3) . The convolution with the crystal shell matrix is shown in Fig. 3 C4. This convolution, which represents the surface contribution, is shown on a green scale to emphasize its similarity to the subtraction images (Fig. 3 B4) . We average the tip area of the convolution in Fig. 3 C4 to evaluate the value of AEConvae3D 2 ¼ 2403D 2 ¼ 0:94 mm 2 . To validate our algorithm, we compared the value of the convolution with the solution area in Fig. 3 C3 to the analytical value of the PSF effective volume, p 3=2 w 2 l w a ¼ 96453D 3 ¼ 2:357 mm 3 , where the PSF widths are set to be w l ¼ 0.42 and w a ¼ 2.4 according to the experimental measurement of the PSF (see Materials and Methods and Eq. 4). The deviation from the analytical value was ,0.1%, indicating that no artifacts are introduced in the construction of the matrices and the convolution. When we repeated the calculations using a smaller grid size, D ¼ 50 nm, we obtained approximately the same result for the relevant ratio, which is the effective volume of the detection divided by the effective illuminated surface of the crystal, ðp 3=2 w 2 l w a =D 2 AEConvaeÞ ¼ 2:510 6 0:003 mm, indicating that the grid spacing is small enough for our calculation needs. From experimental measurements of the surface intensity and solution intensity, we found that ðI solution =I surface Þ ¼ 9:360:7 (n ¼ 90). Finally, from the thermal hysteresis activity (46), we estimated the protein concentration in the solution to be C ¼ 15 6 5 mM. Using this data in Eq. 7 allowed us to calculate a GFP-AFP surface density of s ¼ 2400 6 900 molecules/mm 2 , which corresponds to an average spacing between adsorbed GFP-AFP molecules of 20 6 5 nm. This separation is consistent with a previous estimate for antifreeze glycoprotein (43) and supports our assumption that the signal arises from a single layer of bound GFP-AFP.
Quasi-permanent binding of AFPs to ice demonstrated by absence of recovery after photobleaching
Fluorescence recovery after photobleaching (FRAP) has been widely used to monitor dynamic molecular processes (49, 56, 57) . We used this method to determine the limit on the recovery of the fluorescence signal from ice-bound molecules. In these experiments, protein molecules bound to the ice surface were photobleached, and then the intensity of fluorescence from the surface was monitored to detect the replacement of the bleached molecules with unbleached molecules from the surrounding solution.
In the FRAP experiments, ice crystals decorated with AFP-GFP were monitored for several hours at a constant temperature that was 0.2°C below the melting point of the crystals (T experiment ¼ À0.64 6 0.02°C, T melting ¼ À0.42 6 0.02°C). The regions of AFP-decorated ice crystals were divided into two groups. One region was bleached by 60 successive exposures to 100% of the 488 nm laser power (0.12 mW at the objective entrance) of the confocal microscope with 100 ms per pixel and a pixel size of 130 nm. Under these conditions, the fluorescence intensity from the core and peripheral ice dropped by 8% per scan. Thus the fluorescence signal was bleached down to ,1% of its initial value. Thereafter, the crystals were imaged every hour by 50% laser power and 50 ms per pixel with the same pixel size. Thus the bleaching per scan was 2%. Fig. 5 shows a series of representative images from such experiments. In this experiment, the proteins on half of the surface of each crystal are bleached, leaving the other half of the crystal as a control region of unbleached GFP-AFP on peripheral ice. The surface intensity was calculated using Eq. 3. The value of C 2 in Eq. 3, which represents the solution fraction in the detection volume over the area of the peripheral ice, was typically ;65%. The signal was averaged using results from several crystals in several independent experiments (see Fig. 6 legend for details) .
Over a period of up to 20 h, there was no recovery of fluorescence above the limit of resolution (Fig. 6 ). This demonstrates that there is no detectable overgrowth of the bound AFPs during this period. If the AFPs were overgrown, the supercooled crystal would not remain stable unless fresh (unbleached) GFP-AFPs adsorbed onto the newly formed layer of ice. Moreover, the lack of recovery also indicates that there is no detectable exchange of bound protein with free protein in the solution, which suggests that GFP-AFP is permanently bound to the ice. If the binding of the GFP-AFP was in equilibrium and bound protein could exchange with the protein in the solution, the bleached GFP-AFP would be replaced by the excess free unbleached GFP-AFP in the solution surrounding the crystal and the fluorescence signal would recover. The diffusion of GFP-AFP in the solution is sufficiently fast to assume that the amount of bleached free protein is negligible near a stable crystal (see Appendix).
Furthermore, we monitored the intensity of fluorescence near the crystal and determined that the level of unbleached GFP-AFP molecules in solution did not change. The control group of crystal regions that were not bleached and were imaged in parallel to the bleached group showed a signal intensity reduction to the level of ;75% of the initial intensity, as expected from their exposure to ;15 cycles of illumination causing 2% bleaching per exposure (see Fig. 6 ).
If undetectable slow exchange or engulfment is occurring, we can estimate the upper limit of its timescale by assuming that it is marginally detected in our experiments. To estimate the possible exchange time, we compare the experimental data to the results provided by a rate equation. We assume that the bound molecule leaves the surface or is engulfed within some characteristic slow timescale 1/k off and then, shortly afterwards, before the crystal grows significantly, it is replaced by an unbleached molecule from the solution. We take into account the amount of bleaching induced by the light source during imaging, a i , and so
where C is the percentage of bound unbleached molecules. The percentage of bleached molecules is thus 100 À C, since we assume that all docking positions are occupied as the adsorption is quasi-permanent. The value a i ¼ 2% is the percentage of bleaching during a single observation and d i equals one when an observation occurs and zero otherwise. Fig. 6 shows the results of this kinetic model for the bleached and unbleached molecules for a time constant of seven days, and also for the bleached molecules for a time constant of one day. The data clearly show that the signal corresponds to a recovery time of longer than one week. Thus we estimate that a recovery time of one week yields a signal on the order of our experimental uncertainty, and thus the experimental limit for the exchange or engulfment constant is one week. To demonstrate that our methodology is capable of detecting the renewal of bound GFP-AFP on an ice surface, in most of our experiments we warmed the solution until the crystals had partially melted and then cooled the solution and regrew the crystals (n ¼ 21). GFP-AFP was found to accumulate on the newly formed surfaces of the resulting crystals, as shown in the representative example in Fig. 7 . In most cases, the intensity returned to a value slightly below that before bleaching.
The growth rate of protected ice crystals is assumed to be zero, as found from observation of crystals for long periods (22) . Assuming a resolution of 0.7 mm in such measurements and a time frame as long as one week, the optical microscopy results indicate an upper limit on the growth rate of ;100 nm/day. As discussed above, our experiments indicate a lower limit of seven days for recovery. If this limit represents the rate of engulfment, and we assume that 10 nm of ice is needed to cover the protein layer, then the upper limit of growth rate is 1.4 nm/day, which is an improvement by more than an order of magnitude over previous estimates. At such a rate, very few molecules will be covered every second by the ice, out of the ;1,000,000 molecules that are bound to a crystal that is a few micrometers in diameter with a surface density of a few thousand molecules/mm 2 .
DISCUSSION AND CONCLUSIONS
Our approach circumvents the principal difficulty of working with AFPs, namely that their binding to ice can only be assessed indirectly through observations of ice crystal growth and morphology. The theory that AFPs bind irreversibly to specific ice surfaces and thus cause facet formation, and that ice growth is completely stopped on these surfaces, has been proposed (22, 30, 31, 34) but not directly verified. One opposing viewpoint suggests that AFPs bind reversibly and do not stop ice growth entirely, but nonetheless suppress the growth rate sufficiently to avoid detection. Yet another hypothesis attributes AFP activity to the colligative effect of a high local concentration established by equilibrium binding to the ice surface (42) . An apparent drawback to this latter hypothesis is that even a modest freezing point depression of 0.5°C would require the local concentration of solutes to be .0.25 M, which corresponds to 300 mg/mL for Type I AFP, assuming three counterions per protein molecule. To achieve a thermal hysteresis activity of 1°C through the colligative properties of Type III AFPs, a local concentration of 1200 mg/mL would be required. Furthermore it is not clear how a gradient of AFP can be supported, given the lack of long distance attraction between the AFPs and the crystal. The current understanding of the interaction between AFPs and ice surfaces is that close proximity between the AFP molecules and ice surface is required. The lack of recovery of fluorescence after photobleaching clearly supports the adsorption-inhibition model. If the ice surface were to grow, every newly added layer of water molecules would require a new coating of antifreeze proteins, which would be drawn from the pool of unbleached GFP-AFP in solution, thereby FIGURE 7 Photobleaching and recovery after reshaping of ice. Row A contains the summation of GFP and Cy5 fluorescence images of an ice crystal as in Fig. 3 A1. Row B shows the corresponding subtracted images as described in Eq. 1 and Fig. 3 A4 . Column 1 corresponds to the initial image before bleaching. Column 2 corresponds to the crystal after photobleaching. The fluorescence intensity did not recover within the experimental period of several hours (see Fig. 6 ). Column 3 corresponds to the same crystal after it had been warmed to slightly above its melting temperature and then cooled to allow reshaping to the bipyramidal shape. GFP-AFP was found to accumulate on the newly formed surfaces of the crystal.
restoring the fluorescence signal. Likewise, if AFP binding were reversible, bleached proteins would be exchanged with unbleached proteins and the surface would regain its fluorescence. No such recovery was observed, and our results allow for only occasional engulfment or exchange of individual molecules. If these rare events do occur, they might be important in explaining the variation of thermal hysteresis with concentration (24) . Further investigation with increased sensitivity will be needed to detect such minute degrees of growth. Spin exchange NMR (42) has been used to determine that the timescale of exchange of Type I AFPs is 1 s, but it is not clear if the signal used in this approach originated from molecules that Ba et al. (42) claim accumulate at the icewater interface and protect the ice from freezing. Other attempts to investigate AFP binding kinetics on ice crystals (43, (58) (59) (60) have suffered from low sensitivity and were not able to determine the off-rates of the proteins. The ice hemisphere etching technique (31) enables the determination of the preferred binding planes of AFPs on ice, but does not directly reveal the kinetics of attachment. Ellipsometry and related methods have been used to measure the accumulation of AFPs on ice surfaces (43) , but cannot reveal the detachment timescale, and these experiments were carried out on large scale ice and not on micron-size crystals that are covered with AFP molecules. Fluorescent tagging is an ideal method for visualizing AFPs in action because the emitted light can be transmitted through ice. The intensity of the signal is proportional to the amount of AFP present, and by observing the recovery of the fluorescence signal after photobleaching, the exchange of adsorbed molecules can be detected.
Experiments with fluorescently tagged macromolecules that adhere to calcium tartrate crystals (47) have shown that a large refractive index difference between the crystal and the surrounding solution can cause internal reflection of the signal, which could lead to misinterpretation of the position of the adsorbed molecules. However, the difference in refractive index between supercooled water and ice is only 3% (61, 62) , and so substantial internal reflection is not expected to occur.
There are a number of considerations in the choice of which AFP to label. Of primary importance is ensuring that the attachment of the large (27 kDa) GFP molecule does not compromise the effectiveness of the antifreeze protein. Such problems are likely to occur with the a-helical Type I AFPs from flounder or sculpin, in which the N-and C-termini are in the same plane as the ice-binding site. Attachment of a bulky globular protein at either end of such an AFP is likely to sterically hinder the engagement of its binding site to ice. Further, these termini should not be modified because they are involved in helix capping interactions, and in some cases are post-translationally modified to facilitate this structural stabilization (63) . The extensively disulfide-bonded AFPs from insects and fish (Type II AFPs) are extremely difficult to produce and correctly refold even without the complication of attaching an additional domain. Finally, antifreeze glycoproteins have not yet been produced biosynthetically. Thus Type III AFPs were preferred for labeling in this manner because their N-and C-termini are on the other side of the proteins from their ice-binding sites (45) . The feasibility of making active fusion proteins with Type III AFPs has previously been established in thioredoxin and maltosebinding protein fusions. While one might expect that other types of AFPs act on ice through similar irreversible adsorption mechanisms, the experimental verification of this mechanism might require a method for labeling them with a photobleachable tag that does not impair ice binding.
One of the surprising results of our use of Type III AFP-GFP fusion is the intensity with which the cores of the ice crystals become fluorescently labeled. This happens when GFP-AFP becomes incorporated into the crystals during the initial rapid freezing of the solution. The ice core retains this label when the ice is melted back to obtain single crystals. Incorporation also happens when the crystal grows rapidly at moderate supercooling below the nonequilibrium freezing temperature. We suggest that the growth of these ice crystals parallel to the c-axis increases the primary prism-plane surface area available for binding. Although the work of Antson et al. (33) shows that Type III AFPs will also bind to certain pyramidal planes, it is not clear if these planes are expressed during the rapid growth phase. The incorporation of GFP-AFP is clearly due solely to the attached AFP, because GFP is not incorporated by itself into the ice crystal during freezing but is totally excluded as expected for any non-AFP (Fig. 4 A) . After melting back and controlled regrowth to form a hexagonal bipyramidal crystal, the proteins adhere to the ice surface, but could in principle adhere to primary prism planes parallel to the c-axis and then be engulfed during bipyramidal crystal growth. The observation that the fluorescence intensity does not increase with the thickness of the crystal present in the detection volume shows that GFP-AFP is not found within the newly formed tips of the bipyramid, but is only bound to the surface. This is consistent with the surface-active role of the AFP in stopping growth of ice on the binding planes, but does not distinguish between a model of stepwise growth inhibition at the junction of the prism and basal planes (45) versus one in which AFP stops ice growth by binding to specific pyramidal planes (33) .
In summary, the use of a fluorescently tagged Type III AFP and targeted photobleaching has enabled us to visualize the binding of the AFP to the surface of ice and provided the first direct demonstration that 1), binding is quasi-permanent, i.e., the AFP molecule stays on the surface for more than seven days; and 2), the AFPs are not overgrown by the ice front at temperatures within the thermal hysteresis gap other than in possible rare events that result in growth of ,2 nm/ day. The remarkable variation in protein structure, ice shaping morphology, and thermal hysteresis activity of the various types of AFPs might be due to variations in the mechanism of inhibition. If so, these could be resolved by extension of this research.
APPENDIX Fluorescence and bleaching rates of GFP-AFP in solution and in ice
In our experiments examining GFP fluorescence and bleaching in a frozen environment, we used a wide field epifluorescence microscope (Nikon TE2000) equipped with an argon laser and a fluorescence filter set that included a trichroic beam splitter and emission filter set (488/543/633 nm, Chroma, Rockingham, VT).
We checked the relative fluorescence of GFP-AFP within the ice and in solution. We froze the whole sample and measured the average intensity of a full field of view with a low laser intensity that does not bleach the sample significantly in the time of observation. We then melted this ice and again measured the intensity; we found the same average signal. Thus we conclude that GFP-AFP fluorescence is not dependent on whether the water is in the liquid or solid phase. This finding might be different for dyes that are more sensitive to their local environment (64) .
We checked whether the bleaching rate in ice would be slower than in water, since it is possible that oxygen mobility might influence bleaching. We completely froze a GFP-AFP sample and then bleached it with a laser power of 40 mW and a 120-mm diameter field of view. The sample bleached on a timescale of 6.5 min (e À1 ) and stayed dark thereafter. To measure the bleaching time of GFP-AFP in solution while minimizing diffusion effects, we located a trapped solution pool of a size of 15 mm 3 15 mm in a partially frozen sample, and monitored its bleaching with the same illumination intensity. We found that the bleaching rate of GFP-AFP in solution was the same as that in ice.
Diffusion of GFP-AFP in solution
We estimate that the diffusion coefficient of GFP-AFP molecules in 0°C solution is D ¼ 55 mm 2 /s. This estimate is based on the equation D ¼ ðkT=6pahÞ in Berg (65) , where k is Boltzmann's constant, T is the temperature in Kelvin, a ¼ 2 nm which is the effective radius of the GFP-AFP molecule, and h ¼ 1: 8 3 10 À3 N 3 s=m 2 , the viscosity of water at 0°C. The diffusion coefficient of a single molecule of GFP was measured in viscous solution, and was found to be in agreement with the theoretical estimate (66) . We tried to directly bleach a 120-mm diameter area of GFP-AFP solution close to the melting point temperature, but only a slight diminution of the signal was found. Our interpretation is that the diffusion of unbleached molecules from the surroundings replenishes the bleached molecules in the illuminated area. Indeed the bleaching time of 6.5 min is much longer than the diffusion time for the radius of 60 mm, t D ¼ r 2 4D ¼ 16 s, and thus bleached molecules do not accumulate in the illumination area.
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